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SUMMARY 



A meter which will measure the heat flowing through 
surfaces Is described. ItB operation Is "based on the 
measurement of the temperature decrease through a fixed 
thermal resistance. Several methods of application of the 
meter are noted and the corresponding necessary correc- 
tions are presented. In this report only the case of heat 
flow independent of time has been discussed. The meter is 
calibrated and a typical unit will generate approximately 
1 millivolt for each IB Btu/hr ft 8 flowing.' Special ap- 
plications of the meter which are pertinent to the airplane 
are the heat flow through the wings, cabin wallB , and 
clothing of personnel. 



INTRODUCTION 



An instrument, based on the work of Nichols (refer- 
ences 1, 3, and 3), has been developed* which allows a 
rapid measurement of the rates of heat flow through walls , 
clothing, Into the ground, from engine surfaces, and so 
forth.. A typical unit is 0.050 inch thick and 4-1 inches 
square, (See fig. 1.) The operation of the instrument is 
based on the fact that a definite relation exists between 
the temperature drop across and the rate of heat flow 
through a fixed thermal resistance. The instrument (fig, 
l) consists of a central core containing two "elements 11 
around which are wound a large number (160 per element) of 
electroplated thermocouple junctions connected in series 
(reference 4). Half of the Junctions ar*e In contact with 
one side of the element strip, the remainder with the other 
side. The two elements are connected in series, so that 

*Developed by the staff of the Spectr o-Radi ome br lc Labora- 
tory, Dept. of Hech. Engg. , Univ. of Calif., Berkeley, Calif. 



between the terminal stripe labeled ."thermopile" there are . 
320 thermocouple junctions. The electromotive force gen- 
erated by these thermocouples is proportional to the tem- 
perature drop across the elements resulting from heat flow 
through the meter, and thus, after proper calibration , the 
unit may be utilized to measure rates of heat transfer. 

The central core, which is 0.Q16 Inch thick, is ce- 
mented between two laminations, each of which is 0.016 inch 
thick. In addition to the meter elements, the instrument is 
equipped with a single copper— constantan thermocouple lo- 
cated near the center of the meter between the central core 
and one of the laminations. All normal meter readings may 
be made with a thermocouple potentiometer of about 40 mil- 
livolt range. This voltage corresponds to a rate of heat 
transfer through the meter of about 700 Btu/hr ft'a. 



f 0 unit cohvective conductance from meter to fluid at 
1 temperature t c ^ Btu/hr ft 3 °P 

f Cn unit convective conductance from wall to fluid at 
temperature t c , Btu/hr fts °F ■ 



SYMBOLS 




equivalent unit conductance for radiation from meter 
to surroundings, Btu/hr fta °P 




(*M' - T c) 




equivalent unit conductance for radiation from wall 
to surroundings, 3tu/hr ft a °F 




(V - T c) 



total unit conductance from wall to fluid at temper- 
ature T a , Btu/hr ft* °F 
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shape modulus, the factor in the radiation equation 
which allows for the geometrical position of the 
radiating surfaces (reference 7) 



Fg emissivity modulus, the factor in the radiation equa- 
tion which allows for the non— Planckian character 
of the radiating surfaces (reference 7) 



qui rate of heat transfer as measured "by heat meter , Btu/hr 

q 0 rate of heat transfer through wall when meter is re- 
moved, Btu/hr 

Rg thermal resistance of air gap "between meter and wall 

Of 

(including inner lamination of meter), 

Btu/hr 

0™ 

thermal resistance of insulation,., ; — 

Btu/hr 

B M thermal resistance of meter (core and outer lamination 

RrpH thermal resistance of meter (core and "both laminations), 
0]p 



Btu/hr 

Oji 

H thermal resistance of wall, ; — 

w Btu/hr 

LB. resistance defined "by equations (15) and (14) 

T a temperature of fluid on far side of wall (side of wall 
which does not contain meter), °F 

t c temperature of fluid on near side of wall (side of 
wall on which meter is placed) , °I" 

.t^ temperature of meter given by meter thermocouple, °P 

t M 1 temperature of outer surface of meter, °P 

T M 1 absolute temperature of outer surface of meter, °R 

T e absolute temperature of surroundings, °R 

t w temperature of the portion of the wall covered by 
heat meter , °T 

t w ' temperature of the wall adjacent to heat meter, but 
not covered by it, °P 



T w ' absolute temperature 1 of the wall adjacent to heat 
meter, hut not covered by it, °H 

M W = |V " *w| ' 

= denotes "approximately" 

DISCUS3T0S 
Use of the Meter 

Th9 meter is utilized by placing it in direct contact 
with the surface through vhich the r«te of h^at transfer is 
< heinc determined. Bine counting holes ^re provided for this 
purpose . 

Thp presence of the meter reduces the rate of heat 
transfer through the aurfpee by virtue of the increased 
therr*.l resistance with the Bi'tnr in -place. It. is impor- 
tant to determine whether the thermo-couple junctions are 
influenced by the heat transfer from the ed*»es of the met^r. 
An ftTjpro-Tinite flu* plot (reference *>) indicates that end 
effects are negligible. Another effect of the meter is to 
change the temperature of the surface on vhich it is placed. 
This change in temperature will caus = some heat to flow 
alo.se the wall and around the ::eter. Flux plot? sre now 
being drawn to evaluate this error. Certain corrections 
must 09 applied to the observed meter readings in order to 
evaluate the rates of L?"t transfer vhich exist when the 
meter 1* removed. The system is analogous to an amreter in 
an electrical circuit, except for the leakage around the 
meter referred to above. 

In the thermal circuit (reference fj) the resistances 
are functions of many -war ladles and «lso depend upon the 
method of application of the- heat r.eter. Several methods 
of meter correction for thp steady state condition have been 
studied; two of thf> most applicable are presented. 

If the heat flow to be measured depends upon time, a 
correction for the thermal impedance (capacitance and re- 
sistance) must be made. The following discussion arplies 
only to the case for which the heat flow does not depend 
upon time. 
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Corrections to Heat Meter for Steady Unidirectional Heat Plow 

rire.t Method of Correction (I). — Figure 2 represents 
the meter applied directly to a wall.. The total resistance 
to heat flow will he the sum- of the resistance "between the 



air and the wall — - , of the wall R w , of the gap R & , 

r a A 

of the meter , and on the outside of the meter 

The resistance on the outside of the meter 



(f Ci + f rj )A 



is treated as two resistances in parallel, since heat flows 
to or from the meter by tooth convection and radiation. For 
these thermal circuits, the rate of heat transfer when the 
meter Is installed is: 

j 

(T a - T c ) 

q M = : (1) 

| -A- + R + R + R + 1 

L f a A " 0 (f ri+ f Ci )Aj 

where (t & — t c ) 1b the temperature difference of the air 
on either side of the wall. When the meter is removed, 
and Rq. are eliminated so that the true rate of heat trans- 
far is 

< T a- T c> 

q 0 = a 2 ( 2 ) 

r 1 1 "1 

I + R w + A 

Lf a A (f r + f Co ) J 

where f ft and R w ar e .p'os tulat.ed as unchanged, hut f p 

and f_ , the unit conductances between the air and the 

c o 

wall, may differ from f_ and f „. , the unit conduet- 

r l c i 

ances between the air and the meter. 



o 



Dividing equation 2 by equation 1 gives 

o -A- + R w + R« + R« + — 

*o f a A w M (f Cj ± f rn ) A 



+ R w + 



f a A (f + f )A 

a c o r o 
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The thermal resistance is defined as the temperature 
difference divided by the rato of heat transfer. The 
■various thermal resistances in equation 3 may* as a con- 
sequence, he expressed as follows 1 



*o 



( a * + *h + (fe !, U ) • 



tw - T c 



c r - 
1 r i 



and 



(4) 



(5) 



(6) 



Thus, Substituting equations 4, 6, and 6 into equation 3 
gives 

T a " V fc w " T e 
li i2 ! 5±I — (7 ) 



*o 

or, solving for q. Q and dividing both sides by the meter 
area At 

1o *M t_ - t w T 



Thus, to correct the observed magnitudes to the 

value q 0 /A, three temperatures must be determined; 

1. The temperature of the fluid on the far side of 

tho wall (the side opposite that on which the 
heat meter is installed) ( T a ) 

2. The temperature of the portion of the wall covered 

by the meter (t w ) 

3* The temperature of the wall adjacent to the meter, 
but not covered by it (t w ») 

Tho accuracy of the correction is limited only by the 



j. 
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accuracy of measurement of the three temperature! and the 
leakage of heat around the meter. - (See comment on p. 2.) 

Notes on Method I ■ — (a) A rough oalcrulat ion reveals 
that for a meter installed on the wall of 'an airplane cabin' 



meter measuring the rate of heat transfer through a 6— inch 
"brick wall the ratio is about 1.05. 

(b ) In the case' of measurement of the rate of heat 
flow through metal aircraft walls, the meter may be placed 
either on the inside of the wall cr on the outside of the 
airplane. The unit conductance on the inside of the cabin 
wall is of the order of magnitude of 1.0'Bt'u/hr ft a °$ , 
while on the outside of the airplane the' unit conductance 
is of the order of magnitude of 20 Btu/hr ft 3 °V (refer- 
ence 7). Thus, if the meter is placed on the Inside of 
the cabin wall, the magnitude of (t - t ') will be very 
small » about 3° t o 4° F. The magnitude of (t'„ 1 - t w ) will 

be a fraction of b dagree. The correction expressed by 
equat ion (8), therefore, will be difficult to determine accu- 
rately. On the oLher hand, the error due to heat flowing 
ar ound the meter hill be small. 

If the meter is placed on the 'jutside of the airplane, 
the masnitnriE8 of (T a — t w ) am' (t w ' — t w ) become appre- 
ciable,* th-.B ir.rrea.iing the accuracy of measurement. This 
method of application would be ideal, except for the fact 
that if the temperature difference (t w 1 - t w ) is of the 

order of magnitude of 10° to 20° P, the error due to .the 
heat flow anauad the meter becomes serious. A guard ring 
of the material of which the meter is constructed 1b placed 
around the meter to reduce this leakage. 

If the correction expressed by equation (8) is to be 
utilized for the meter mounted on the walls of the cabin of 
an airplane, the meter should be mounted on the outside of 
the cabin and surrounded by a guard ring. If this method 
is not feasible, the correction technique discussed under 
Method II will be found satisfactory. 

(c ) In some applications the meter may be mounted in 

a composite wall . Figure 3 illustrates a meter application 
for this case. The resistances Ejjj, Rq. s , and' R(j a are 
the g ap resistances between the various elements as shown in 

*T a is defined as the temperature of the fluid on the far 
side of the wall (the side which does not contain the heat 
meter). 



the ratio 




may be as large as 1.20, while for a 
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figure 3. A consideration of the appropriate thermal cir- 
cuits reveals that equation (8) may "be applied directly to 
thift system. 

(d) The meter may he placed on clothing in order to 
determine the rate of heat transfer from the human hody 
under various conditions. The temperature T a becomes the 
hody temperature (ahout 9'8.6° T) . The meter may he attached 
securely, either "between garments or on the outside of the 
clothing and the temperatures t w and t w ' obtained by 
means of appropriate thermocouples. The correction ratio 




may be as large as 1.10 for this application. 



(e) In some onsea it may be convenient to measure 

temperature differentials between t w 1 , t w , and T a i 

obtaining At w and At a , respectively. 

Then: 




The "differential" technique eannnt be us?d when the 
wall is an electrical conductor. 

Second_Mothod_of _Correct ion_i I 1} . - Although the method 

of correction discussed above i 3 by far the moat simple and 
the most direct, It may yield inaccurate res\ilt~, in aonip 
cases, aa has b-en di=cueaed in note (b). A more complex, 
but undr-r certain conditions more accurate, method of cor- 
rection is discussed below: 

Tor the system shown in figure 2, equation (?) states 

that : 



(10) 



+ R„ + 

f a A 



<*c + f r > A 
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Let 



H = + E + 1 (11) 

Then, "by adding — to "both Bides and transpos- 

<f °l + % U 

ing — --- , there follows: 

(f °o + V* 

jl + h w * — : . e o + r — i 1. — i 

f A (f + * )A ° c(f + f )A (f +f )Aj 



°o 'o 



(12) 



or, by el">arinf: frictions in the terra irsif'e the square 
hrackot s : 



-J. * 8. ♦ J e 0 ♦ ;<£stiial: J£kl2s? i I 

f A (f + f )A u (f + f ) (f + f ) AJ 

a c l *1 o 0 r p c-± n 



(13) 

= H 0 + AE (lU) 
Substituting, equation (10) yields: 

5 2 = !o._!_?&_!_!b_!_*! (15) 



But 



and 



o 



E 0 * 1s,=-Ib (16) 



t w — t«. 

a 0 = * (i 7 ) 

Thus, upon r eamnfsnent of equation (15) and utilising 
equations (16) and (17) t ther-r- follows: 

h 1*'± (X8 , 
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(f- + f p ) - (f + t ) 1 

where AH = --° 1°- -f 1— -II- - (1 9 ) 

(f c + f_ ) (f + f ) A 
c o ro ci ri 

and |T a - T q J and jt^ - tj are the absolute magnitudes 

of the temperature dlf f erer.cja indicated. The correction 
if QllfA. by means of equation (18) depends mainly upon the 

_ t J| 

evaluation of the three terms, ----'t E K , and AR. The 

q M /A 

latter term AH is the ccst difficult ti determine, "but 
in s n re cases, as is discussed below, this term may be 
e lir..in°-t 'id "by proT> a r methods of in9tall.-1.tl on. 

ff5ififl_ca_Kfl±hfid_II Ji - (a) When the meter is applied to 
the inner surface nf the cabin rf *n airplane, f c ^ ■ ^c n « 
as lnnp as the c«bin »-.i r i s not forced avor the m»t°r at a 
hifh velocity. Further, if thore «>.r=. nit many occurants 
in the cabin, the ir<?ter "sees" surfaces at the cabin wall 

temperature, and ti:us f r ^ » f rQ = 0. 

The total resistance, Rni^, (two l'minations plus 

core) of a typical p.eter* ps sh^wn ir figure 1, has "been 

°j 

measured to be 0.35 ■ "he cor r esTJor.dinp vnlu* of 

Btu/hr 

A is O.O324 . The c<-rrsction equatinn for this 

Btu/hr 
meter then becores: 



Qo 



q M /A 

1 !L :J.i. — Hi + o.cnsUl 



g«/A - t - t, 



I 

Four temperatures "re neceFfury for the correction of 

a fivea r.eter as expree^'-t? b; r enu-^tion ?0: that io, the 

air tePTjerature <"<n th-' far qide nf tl * "»11 T j the air 

a 

temperature on the near ^ide r.f th<! <-'all T^, the tem-ner- 
ature of the r.eter therrcc^uple t»j, and the tesuerature 
of the wall behind the. Enter t w - 



*This particular meter vas constructed of bakelite. 
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(b) If this meter ia placed in a composite wall and 

covered by Insulation (fig. 3), aB is necessarily zero, 

since f r = f_ = 0, and f. = f_ . Thus, equation 
i * o o i 

(30) may be utilized directly for this application. 

(c) Tor the determination of heat losses through 
olothing, equation (SO) is directly applicable as long as 
this meter is placed b etw een garments so that' it does not 
"see" the surroundings. 

(d) Equation (20) canno't be applied when this meter 
is placed on the surface of a body the temperature of 
which differs appreciably from that of the surroundings. 
In this case AB is not zero and must be evaluated in 
order to apply the complete correction expressed by equa- 
tion (18). Fortunately', equation (8) Is probably applca- 
ble to this system. 

CCHCLUS'lONS 



1. Methods of correction for 'the measurement of rates 
of hefat transfer which are independent of time have teen 
Included In order to extend the range of utility of the 
meters. The corrections to be applied to hea't meters are 
small, usually, if the meter is properly chosen and is 
correctly attached. A' "properly chosen" meter implies, 
among other items, that the meter r es is tance ' and the con- 
tact resistance are both small compared to the thermal 
circuit resistance. 

2. Exclusive of the. thermal flow ar ound the meter, 
the methods of correction are those applied to the reading 
of an ammeter which is placed in a circuit, the correction 
being necessary by virtue of the resistance of the ammeter 
which may be large compared with the load resistance. 

3. The experimental evaluation of the. rate of heat 
transfer through pertinent airplane surfaces in flight 
will eliminate the hazards of "estimating" these quanti— 
t les . 

Grateful appreciation is extended to Messrs. B. 7. 
Dunkle , I*. Lory, F. White, D. Turner, H. Foppendiek, and 
J. T. Gier for their excellent work on the construction 
of the heat meter and help in preparing this report. 

University of California, 
Berkeley, Calif. 
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